Nuclear magnetic resonance (NMR) techniques are ideally suited for the study of biofilms and for probing their microenvironments because these techniques allow for noninvasive interrogation and in situ monitoring with high resolution. By combining NMR with simultaneous electrochemical techniques, it is possible to sustain and study live biofilms respiring on electrodes. Here, we describe a biofilm microreactor system, including a reusable and a disposable reactor, that allows for simultaneous electrochemical and NMR techniques (EC-NMR) at the microscale. Microreactors were designed with custom radio frequency resonator coils, which allowed for NMR measurements of biofilms growing on polarized gold electrodes. For an example application of this system we grew Geobacter sulfurreducens biofilms on electrodes. EC-NMR was used to investigate growth medium flow velocities and depth-resolved acetate concentration inside the biofilm. As a novel contribution we used Monte Carlo error analysis to estimate the standard deviations of the acetate concentration measurements. Overall, we found that the disposable EC-NMR microreactor provided a 9.7 times better signal-to-noise ratio over the reusable reactor. The EC-NMR biofilm microreactor system can ultimately be used to correlate extracellular electron transfer rates with metabolic reactions and explore extracellular electron transfer mechanisms.
INTRODUCTION
Electrochemically active biofilms (EABs) are complex communities of microorganisms that have a unique form of respiration, which allows them to utilize insoluble extracellular materials as their terminal electron acceptor for metabolism (Lovley , ; Borole et al. ) . Recently there has been a significant amount of research on the use of these biofilms in potential commercial applications, such as wastewater treatment (Liu et (Donovan et al. ; Zhang et al. ) . Cellular phenotypes and metabolic activities in EABs are largely governed by restricted mass transport and by the formation of microscale gradients, often referred to as microenvironments. A detailed quantification of the microenvironments inside living biofilms is necessary for fully understanding EABs and the limitations to scaling them up in full-scale industrial biofilm reactors. Furthermore, measuring the variation of gradients inside the biofilm matrix is important for determining the limitations of electron transfer processes and for developing accurate mathematical models for engineering EABs.
For studying microenvironments in biofilm systems, microelectrodes are the prevailing research tool. Recently our group extended their use to the study of electron transfer mechanisms in EABs (Babauta et al. , ; Nguyen et al. ) . In these studies, microelectrodes were used to understand pH, redox, and hydrogen controls of electron transfer processes. Microelectrodes currently cannot determine concentrations of electron donors, such as acetate.
Because the electron donor is the source of electrons for microbial growth in EABs, electron donor concentration profiles constitute critical missing information. Therefore, new technologies for determining electron donor concentrations in living EABs are desired.
For the study of biofilms, one alternative technology to microelectrodes is nuclear magnetic resonance (NMR). NMR is ideally suited for studying microenvironments in biofilms. NMR has the ability to measure chemical, physical, anatomical and transport information live and in situ, over extended time periods, noninvasively and nondestructively, without signal loss through the sample, and at high spatial resolution in multiple dimensions. Because of these advantages, NMR has been applied successfully in biofilm research. For example, NMR has been used in biofilm systems to measure flow velocities (Lewandowski et (Vogt et al. ) .
Despite its uses in biofilm research in general, NMR has had limited use in the study of EABs. EABs require a conducting substratum available as an electron acceptor for respiration, and the presence of a conductive electrode constrains NMR use in these systems. Without careful geometric design, conductive objects proximal to the sample can shield the sample from radio frequency (RF) excitation and subsequent emission. In addition, as part of an external circuit, a conductive substratum can serve as a conduit for external noise. Furthermore, the controlled growth environments provided by microscale reactors are essential to fully understand the dynamics of metabolic reactions in EABs over time. A small volume would allow detection of rapid concentration and metabolic changes required for kinetic studies. A microscale NMR-compatible biofilm reactor with simultaneous electrochemical monitoring would enable experiments where researchers can concurrently determine nutrient balances (via NMR spectroscopy), energy balances (electron monitoring via electrochemical experiments), and biofilm structure (via NMR imaging).
The goal of this study was to develop an electrochemical-NMR (EC-NMR) biofilm microreactor system for microscale in situ characterization of living EABs. The microreactor system presented here comprises a set of two interchangeable microreactor types, a flow perfusion system, a custom NMR probe, RF transceiver coils, and a potentiostat for active polarization of a conductive electrode substratum. The biofilm microreactor set includes a reusable microreactor with a built-in optical window and a disposable microreactor produced using three-dimensional printing technology. We call these reactors reusable or disposable according to the cost of building them and the difficulty of reopening them for cleaning and sterilizing once they have been sealed. The reusable reactors cost several hundred dollars apiece and require significant labor time for manual assembly, while the disposable reactors cost less than a few dollars and require minimal assembly. The microreactors employ simple internal geometries with the aim of producing laminar flow profiles, allowing experimental work to be coupled to low-computational-time simulations. As an example application of this microreactor system, we grew Geobacter sulfurreducens biofilms. In this study, we demonstrate use of the EC-NMR biofilm microreactor system to measure metabolic activity (via current), fluid flow velocities around the biofilm, and acetate concentrations within the biofilm. The fluid flow velocities are compared with mathematical simulations of fluid flow to evaluate laminar flow capacity. Finally, we use Monte Carlo error analysis to estimate the standard deviations of acetate concentrations within the biofilm.
METHODS EC-NMR biofilm microreactors
The reusable microreactor was adapted from the flow microreactor used in our previous studies (Beyenal et al. ; Cao et al. ) . This Torlon ® polyamide-imide plastic microreactor has internal dimensions of 4 mm wide, 2 mm deep, and 40 mm long (320-μL volume). The adaptation involved changing the RF coil configuration to accommodate the conductive electrode (vide infra). For full details of the reusable microreactor, see Renslow et al. (a) . The disposable reactor employs a closely related design and is fabricated from acrylonitrile butadiene styrene (ABS) plastic using a Stratasys uPrint SE three-dimensional printer. The computer-aided design files were drawn using Autodesk Inventor Professional 2013 and exported to a stereolithography (STL) file format using the integrated converter. The STL files were parsed and uploaded to the printer using Stratasys Catalyst EX. The disposable microreactor had internal dimensions of 3.5 mm wide, 1 mm deep, and 40 mm long (140-μL volume). Unlike the reusable reactor, which has a threaded sample door, the disposable reactor sample door consisted of an ABS plug that was placed over the sample and subsequently sealed with fast-drying epoxy. Electrodes attached to a Gamry ® Reference 600™ potentiostat were incorporated into both microreactors to enable electrochemical techniques and monitoring. The working electrode was a 5-mm-diameter gold disc that was affixed to the microreactor door and aligned with the flow stream. A Pt counter electrode, which was placed in the effluent line, and a reference Ag/AgCl electrode, which was placed in the influent line, protruded slightly into the microreactors.
RF coil design
The EC-NMR biofilm microreactor is seated into a custombuilt NMR probe, which accommodates either a flattened Alderman-Grant-type resonator (Alderman & Grant ) (for use with the reusable microreactor) or a modified Helmholtz coil (for use with the disposable microreactor). Both resonators generate an RF field with its linearly oscillating field direction aligned perpendicular to (and thus not shielded by) the gold electrode surface. The coil geometry was optimized by carrying out full-wave three-dimensional electromagnetic field simulations with ANSYS HFSS™ and Designer, with the objective of maximizing the coil RF efficiency and field homogeneity around the biofilm sample.
System setup
All pumps and potentiostat equipment were located outside the 5-gauss magnetic field line of the NMR magnet. Polyetheretherketone (PEEK) plastic tubing (1/16″ OD, 0.030″ ID) was used as the inlet and effluent lines for the growth medium. Flow through the PEEK lines was set using a Pharmacia P-500 pulseless dual-syringe pump controlled remotely using a home-built, internet-accessible RS-232 controller based on a Lantronix XPort AR™ network processing module.
NMR methods
NMR experiments were performed at 500.404 MHz for protons ( 1 H) using a Bruker Avance III imaging spectrometer with an 11.7-T, 89-mm vertical-bore, actively shielded superconducting magnet. Bruker ParaVision version 5.1 imaging software was used to collect and process the data. Measurements for this study included velocity mapping using a flowcompensated gradient echo method (method: mic_seflow; repetition time: 500 ms; echo time: 40 ms; averages: 32; flow encode gradient time: 10 ms; flow encode gradient separation: 23 ms) and depth-resolved magnetic resonance spectroscopic imaging. The NMR imaging method outlined here is similar to that described in our previous study (Renslow et al. a) , which contains a complete description of the NMR methods. The data were processed and plotted using MATLAB scripts.
Inoculation and biofilm growth
The inoculation and biofilm growth methods are similar to those used previously (Renslow et al. a, b) . Briefly, the system was sterilized with 30% H 2 O 2 for 24 hours and then rinsed with nanopure water. For 24 hours prior to inoculation, the growth medium (sparged with 20%/80% CO 2 /N 2 ) was pumped into the biofilm microreactor at 1 mL/hr while the gold electrode was polarized at þ300 mV Ag/AgCl , and the NMR bore, syringe pump, and flow breakers were placed under a 100% nitrogen atmosphere. Inoculum vials of Geobacter sulfurreducens strain PCA (ATCC 51573) were prepared anaerobically using the Hungate technique (Miller & Wolin ) in serum vials without shaking, similar to Babauta et al. () . Acetate (20 mM) was provided as the electron donor, and 40 mM fumarate (inoculum only) was the electron acceptor. The medium used for growth in the biofilm microreactor was identical, except that no fumarate or other electron acceptor was provided. The polarized gold electrode acted as the sole electron acceptor for the system and was continuously polarized to þ300 mV Ag/AgCl . During inoculation, the growth medium flow was stopped. Inoculum was taken anaerobically from the inoculum vials using a N 2 -filled gas sampling bag to provide a counter-pressure as the inoculum was taken into a 20-mL syringe. The syringe was placed in the N 2 -purged gas bag encasing the syringe pump and the inoculum was pumped into the microreactor at 5 mL/hr for 1 hr, and then at 0.7 mL/hr for another 10 hours. To encourage cell attachment to the polarized gold electrode, the inoculum pumping was halted and the microreactor was placed horizontally with no flow for 24 hours. NMR probe covers perfused with 100% N 2 at 30 W C were used to maintain anaerobicity and temperature while the microreactor was outside the magnet. After the 24 hours, the microreactor was positioned vertically and the flow of growth medium (with no fumarate) was gradually increased up to 1 mL/hr. All heated N 2 gas was temperature-controlled using an FTS Systems gas stream delivery unit. This held the gas temperature at 30 ± 0.1 W C and the NMR bore and clamp stand probe holder at 30 ± 0.6 W C. The sample was maintained on the clamp stand probe holder outside and adjacent to the NMR magnet during growth and inserted into the NMR system for a few days at regular intervals for NMR measurements.
Computational modeling
Finite element method simulation package Comsol Multiphysics was used to simulate steady-state fluid flow velocities, via the built-in laminar flow physics description, which is based on single-phase incompressible fluid flow as governed by the Navier-Stokes equations. The model geometry was constructed to represent the reusable microreactor.
Monte Carlo error analysis
The standard deviation for each acetate concentration datum point was estimated using Monte Carlo error analysis applied with a spectral line-fitting procedure via a customwritten MATLAB script. The methods used were similar to those used by Mueller () and Sutovich et al. () .
Briefly, the measurement noise distributions were determined by sampling each 1 H NMR spectrum from 0.5 to 2.0 ppm, where there were no anticipated or detected peaks. These noise distributions, which were determined to be Gaussian, served as the basis for creating synthetic spectra that were composed of identically distributed random noise and spectral lineshape fits for the acetate peak (chemical shift ∼1.9). A Voigt lineshape (mixed Lorentzian-Gaussian), chosen for its superior fitting results (Marshall et al. , ; Bruce et al. ), was fitted using the Levenberg-Marquardt algorithm. The standard deviation was determined from 1000 Monte Carlo iterations for each concentration datum point. Figure 1 shows the custom-designed RF coils (top) and performance characteristics (bottom) of both the reusable and the disposable microreactors. The optimization of these coils was critical for microimaging of the biofilms because the spatial resolution and contrast-to-noise ratio of the biofilm image are both limited by the signal-to-noise ratio of the imaging RF coil. Saddle coils are frequently used for imaging systems; however, the presence of the optical window in the reusable microreactor prevents the use of a traditional saddle coil. Instead, a flattened saddle coil was designed to wrap around the microreactor. This flattened AldermanGrant-type resonator coil does not interfere with the optical window or sample door, and generates a uniform magnetic field over the sample volume (Figure 1 , bottom left) that is not hindered by the polarized electrode. The disposable microreactor, shown in the right frame of Figure 1 , eliminates the optical window, has a cross-sectional area that is ∼60% smaller (∼40% smaller perimeter), and has an internal volume that is less than half that of the reusable microreactor. For this disposable microreactor, an optimized modified Helmholtz coil was designed, which has a 4-turn coil with a diameter of 5 mm. Due to the physical constraints of the microreactor, the coil was constructed to have a separation to coil radius of 4:1, as opposed to the 1:1 ratio of a traditional Helmholtz coil. One limitation of this design is that the field intensity is non-uniform across the sample (see Figure 1) . However, both simulation and experimental results show a much higher transverse magnetic field compared to the reusable reactor design; the induced magnetic field per driving power was higher by ∼4 times for the modified Helmholtz coil when compared to the flattened Alderman-Grant-type coil. In summary, the disposable biofilm reactor provides the following advantages: (1) it is printed as a single piece of plastic, preventing any leaks and reducing the risk of contamination from outside sources, (2) it has a significantly lower production cost, (3) it is easily customized for innovative studies via rapid prototyping with the three-dimensional printer, and (4) the modified Helmholtz coil provides a higher transverse magnetic field than the flattened Alderman-Grant-type coil of the reusable reactor. A direct comparison of the reactors revealed that the signal-to-noise ratio for the disposable microreactor was 9.7 times higher than in the reusable microreactor. Currently, internal dimensions as low as 3.5 mm wide, 1 mm deep, and 5 mm long (17.5-μL volume) are possible in the disposable reactor.
RESULTS AND DISCUSSION
The EC-NMR biofilm microreactors were tested using G. sulfurreducens biofilms respiring on polarized gold electrodes acting as the sole terminal electron acceptor. Figure 2 shows current generation as a function of time. The current slowly increased with time, demonstrating the growth of the biofilm. The G. sulfurreducens biofilm growth on the polarized gold electrode was slower than is typically measured when G. sulfurreducens is grown on graphite, possibly because of difficulty of cell attachment to the smooth gold surface under flow conditions. We found that current production was identical whether the biofilm was in or out of the NMR magnet, demonstrating that cell respiration was not affected by the magnetic field. The observation window in the reusable reactor has the advantage of allowing both visual and microscopic investigation of biofilms, which is not possible in the disposable reactors. The observation of bright pink-orange biofilms indicated typical healthy G. sulfurreducens biofilms (Seeliger et al. ) .
Mass transport within the biofilm is dominated by diffusive processes, and our group recently explored effective diffusion coefficient profiles of electrode-respiring biofilms. We found that effective diffusivity decreases towards the bottom of the biofilm and that polarization of the electrode changes the effective diffusion coefficient profiles (Renslow et al. b) . However, it is also necessary to understand the convective delivery of growth medium to the top of the biofilm. Figure 3 compares the relative flow velocity maps measured using NMR to the simulated flow velocity maps. The simulation assumed laminar fluid flow with non-slip conditions at the interfaces because of the low Reynolds number of 0.1 for a flow rate of 1 mL/hr. Figure 3 shows the longitudinal and tangential velocity maps above the biofilm as measured by NMR and as simulated. Figure 3(e) shows the relative flow velocity profile above a G. sulfurreducens biofilm. Each datum point corresponds to the average of a 75-μm-thick slice; therefore it is expected that the flow velocity at the top of the reactor will not be zero. Theoretically we expect to see zero flow velocity at the top of the biofilm. Figure 3 shows that while the fluid flow profile is nearly parabolic above the biofilm, convection does not reach zero near the biofilm-liquid interface, as previously shown by Lewandowski et al. (, ) . To account for this discrepancy in future simulations, the top of the biofilm will need to be simulated as a gradually densifying region that is nonrigid and allows for slip at the surface.
NMR was used to measure the concentration of the electron donor, acetate, through the depth of the biofilm. Because the electron donor is the source of electrons for cellular respiration, measuring the concentration of the electron donor through the depth of the biofilm is critical for ultimately determining the spatial variability of metabolic activity. Figure 4 shows the application of Voigt lineshape fitting with Monte Carlo error analysis to estimate standard deviations for the acetate concentrations measured by depth. The average acetate concentration in the top 20 μm of a 270-μm-thick G. sulfurreducens biofilm was 15.4 mM (σ ¼ 3.2 mM). By 170 μm from the top, the acetate had fallen to 0.7 mM (σ ¼ 0.4 mM), and it was below detection from that point to the bottom of the biofilm. The larger standard deviation of the concentration at the top is likely caused by the heterogeneous and uneven top of the biofilm, as the measurement was averaged over 8 mm 2 of the center of the biofilm. Deeper inside the biofilm, the standard deviation decreased significantly, demonstrating a more homogeneous biomass distribution and a significantly lower acetate concentration. Monte Carlo error analysis enabled us to measure acetate concentration as a function of depth with estimated standard deviations from a single experiment. The benefit of Monte Carlo error analysis is that it allows experiment time to be dedicated to increasing the data collection resolution, whether spatially or temporally. In future experiments, the Monte Carlo error analysis can also be applied to rapid NMR methods in quickly changing biological systems (e.g., bulk concentration measurements near a biofilm) to estimate a standard deviation for each rapidly obtained datum point, thus increasing the temporal resolution significantly. 
CONCLUSIONS
An EC-NMR biofilm microreactor system was designed, constructed, and used to monitor electron transfer rates, flow velocity profiles, and electron donor concentrations in electrode-respiring biofilms. The two microreactors can be used for simultaneous in situ electrochemical and NMR techniques to study live electrochemically active biofilms. Simulation and experimental results show that the disposable reactor had a much higher transverse magnetic field compared to the reusable reactor design, primarily due to its smaller size; the induced magnetic field per driving power was higher by ∼4 times for the modified Helmholtz coil than for the flattened Alderman-Grant-type coil and a direct comparison of the reactors revealed that the signal-to-noise ratio for the disposable microreactor was 9.7 times better than in the reusable microreactor.
